With Manduca sexta as a model system, we analyzed how natural odor mixtures that are most effective in eliciting flight and foraging behaviors are encoded in the primary olfactory center in the brain, the antennal lobe. We used gas chromatography coupled with multiunit neural-ensemble recording to identify key odorants from flowers of two important nectar resources, the desert plants Datura wrightii and Agave palmeri, that elicited responses from individual antennal-lobe neurons. Neural-ensemble responses to the A. palmeri floral scent, comprising >60 odorants, could be reproduced by stimulation with a mixture of six of its constituents that had behavioral effectiveness equivalent to that of the complete scent. Likewise, a mixture of three floral volatiles from D. wrightii elicited normal flight and feeding behaviors. By recording responses of neural ensembles to mixtures of varying behavioral effectiveness, we analyzed the coding of behaviorally ''meaningful'' odors. We considered four possible ensemble-coding mechanismsmean firing rate, mean instantaneous firing rate, pattern of synchronous ensemble firing, and total net synchrony of firing-and found that mean firing rate and the pattern of ensemble synchrony were best correlated with behavior (R ‫؍‬ 41% and 43%, respectively).
With Manduca sexta as a model system, we analyzed how natural odor mixtures that are most effective in eliciting flight and foraging behaviors are encoded in the primary olfactory center in the brain, the antennal lobe. We used gas chromatography coupled with multiunit neural-ensemble recording to identify key odorants from flowers of two important nectar resources, the desert plants Datura wrightii and Agave palmeri, that elicited responses from individual antennal-lobe neurons. Neural-ensemble responses to the A. palmeri floral scent, comprising >60 odorants, could be reproduced by stimulation with a mixture of six of its constituents that had behavioral effectiveness equivalent to that of the complete scent. Likewise, a mixture of three floral volatiles from D. wrightii elicited normal flight and feeding behaviors. By recording responses of neural ensembles to mixtures of varying behavioral effectiveness, we analyzed the coding of behaviorally ''meaningful'' odors. We considered four possible ensemble-coding mechanismsmean firing rate, mean instantaneous firing rate, pattern of synchronous ensemble firing, and total net synchrony of firing-and found that mean firing rate and the pattern of ensemble synchrony were best correlated with behavior (R ‫؍‬ 41% and 43%, respectively).
Stepwise regression analysis showed that net synchrony and mean instantaneous firing rate contributed little to the variation in the behavioral results. We conclude that a combination of mean-rate coding and synchrony of firing of antennal-lobe neurons underlies generalization among related, behaviorally effective floral mixtures while maintaining sufficient contrast for discrimination of distinct scents.
floral scent ͉ insect behavior ͉ neural codes ͉ neural synchrony ͉ olfaction N atural stimuli elicit diverse responses from central neurons in the brain, which confounds efforts to determine the patterns of neural activity underlying natural behavioral responses. This is true in particular for the early stages of processing of olfactory information, for which it has been suggested that different neural codes play similar or overlapping roles (1) (2) (3) (4) . For example, spatially defined codes based on neural firing rate in the olfactory bulb (OB) of mammals and the antennal lobe (AL) of insects are thought to define stimulus identity and concentration (3, (5) (6) (7) . Time-related response features have been reported to carry information about odorant identity as well (8) (9) (10) . Although evidence for the importance of these neural responses is compelling, the relative contribution of different coding mechanisms and how well each correlates with behavior remain poorly understood.
The predominant use of olfactory stimuli, usually monomolecular odorants, that have no behavioral significance for the animal under study has limited analysis of neural coding mechanisms that underlie natural behavior. Natural olfactory stimuli typically are mixtures of which the identities, concentrations, and ratios of chemical constituents are important for many odor-mediated behaviors. Examples of the behavioral effectiveness of complex odor stimuli in both invertebrates and vertebrates are numerous. For example, elephants and mice respond to gender-specific pheromone mixtures (11) (12) (13) , and insects respond to multicomponent conspecific pheromones, food odors, and alarm cues (14) (15) (16) (17) .
Despite abundant behavioral examples, links between odorevoked behavior and the processing and discrimination of complex olfactory stimuli remain unclear. One rigorous approach to this problem is to determine directly which neural codes correlate with an animal's behavior, which requires establishing the relationships among natural stimuli, different formats of neural representation, and well-defined behavioral responses. For example, coding of odor identity through a chemotopic distribution of activated glomeruli has been hypothesized for the insect AL, although the overlap of activity patterns evoked by mixtures with those in response to single odorants of little behavioral relevance can be substantial. Only a few studies have demonstrated behavioral correlates (18) (19) (20) (21) . Alternatively, the temporal domain is thought to be important through either a rate code or a spike-timing code, but how the population of responsive neurons encodes information about mixtures remains uncertain (8, 22, 23) . The contribution of different coding mechanisms, and the manner by which the olfactory system generalizes among different stimuli that are behaviorally effective in contrast to odors that are not effective, have yet to be clarified.
Odor generalization, as we use the concept here, is a measure of the similarity of behavioral and neural responses to a given odor and test odors. This kind of generalization reveals subtle similarities and establishes graded response patterns with changing features (e.g., constituents) of the tested mixtures (24) . Thus, generalization (equal response to given mixture A and test mixture B) means that the mixtures are perceptually very similar and may share features used for predicting the behavioral responses, but not necessarily that they cannot be discriminated.
To analyze how an olfactory system discriminates between and generalizes among behaviorally effective and ineffective stimuli, we previously focused on floral scents that are important indicators of nectar resources for the sphinx moth Manduca sexta (25) . In the Southwestern United States, M. sexta prefers to forage for nectar from flowers of its Solanaceous hostplant Datura wrightii (14, (26) (27) (28) . By means of gas chromatography with coupled mass spectrometry (GC-MS) and GC in tandem with multiunit recording (GC-MR, in which AL neural-ensemble responses to fractionated odorants are recorded as they are eluted from the GC column), we identified nine critical odorants in the floral scent of D. wrightii that, together as a mixture, elicit innate flight and foraging behavior in M. sexta (25) . That mixture was represented in the neural circuitry of the AL through odor-evoked, intensity-invariant, synchronous firing of neurons, and the spatiotemporal activity pattern accurately discriminated between the mixture and its constituents.
In the present study we used closely related, behaviorally effective and ineffective mixtures of odorants from the complete floral scents of two natural nectar sources to demonstrate that ensembles of AL neurons efficiently encode complex mixture stimuli through a subset of odorants rather than the complete bouquet. Furthermore, the behavioral responses to these different mixtures of varying behavioral effectiveness allowed correlation among the different neural codes with behavior. Together, these results indicate that mixture processing in the moth's olfactory system can be determined by a bounded odor stimulus and that the combination of rate-and time-based neural codes provides a means for complex odor generalization and discrimination.
Results
Behavioral Responses to Mixture Stimuli. Our earlier study (25) showed that a reduced mixture of D. wrightii floral volatiles was sufficient, but it was not clear whether an even smaller mixture might be necessary and sufficient, to elicit normal flight and foraging behavior. Behavioral experiments conducted in a laboratory wind tunnel to address this question revealed that only three of the nine components previously identified, benzaldehyde (Bea), benzyl alcohol (Bol), and linalool (Lin), were necessary and sufficient to elicit behavioral responses similar to those in response to the complete the floral scent ( Fig. 1A ; G test: P Ͼ 0.50). If these three components were removed from the floral mixture, then behavioral responses were depressed to levels not significantly different from those observed with the mineral oil control ( Fig. 1B ; G test: P Ͼ 0.05). This result suggests that the moths were attracted and responded to this small subset of volatiles even when they were accompanied by the rest of the components of the complete floral scent, and that as long as these three components were present in tested mixtures moths could generalize among mixture stimuli.
Analysis of Floral Volatiles by GC-MR and Behavioral Effectiveness.
Like the scent of D. wrightii flowers, that of flowers in Agave palmeri (Agavaceae) umbels can attract foraging adult M. sexta (14, 29) . A. palmeri is not a host plant for oviposition but is an abundant nectar resource for M. sexta and thus provides another olfactory stimulus with which to explore the neural bases of foraging behavior. Building on our earlier study of the floral scent D. wrightii, we conducted GC-MS and GC-MR analyses of A. palmeri floral volatiles. As in the case of D. wrightii, the floral scent of A. palmeri comprises Ͼ60 compounds, but they are very different from those emitted by D. wrightii flowers. A. palmeri floral scent includes carboxylic-acid esters (Ϸ50% in terms of mass per unit volume), monoterpenes (Ϸ30%), and aromatic compounds (Ϸ15%). AL neurons, however, did not respond to a majority of the compounds in the A. palmeri floral mixture at their natural concentrations. Data from this system revealed variability in odor-evoked responses among AL neurons but also consistent patterns of activity in response to certain odorants across multiple units in a neural ensemble ( Fig. 2A) .
Analysis of responses of populations of AL neurons demonstrated strong ensemble selectivity for six A. palmeri volatiles; the remaining odorants evoked little or no activity in most units (Fig.  2B ). To examine odorant-evoked responses among preparations (n ϭ 6 moths; 78 units), we calculated the percentage of units in each ensemble that were significantly activated by each odorant [response index (RI) Ն2.0 SD] (Fig. 2B ). This analysis confirmed that many units were activated by one or more of these six odorants: butyl butyrate (Bbu), myrcene (Myr), ethyl tiglate (Etg), ethyl sorbate (Esb), benzaldehyde (Bea), and propyl valerate (Pvl) (odorants 28-33 in Fig. 2B, respectively) . To verify the identities of these odorants and their effectiveness in activating AL neurons, we tested synthetic standards (Table S1 ). Unit and ensemble responses to the synthetic and headspace odorants were similar (Fig. 3 A-C) and not statistically different (repeated measures ANOVA with Fisher's posthoc test: P Ͼ 0.54).
To examine the behavioral effectiveness of the six odorants, we conducted two-choice tests in a laboratory wind tunnel to compare behavioral responses to the synthetic mixture and the natural floral scent. Compared with an unscented paper-flower control, moths always selected either a paper flower treated with the synthetic mixture or one emitting the complete scent from a live A. palmeri umbel (Fig. 3 E-G; G test: P Ͻ 0.05). When moths were exposed to two paper flowers, one emitting the natural A. palmeri scent and the other emitting the synthetic mixture, moths fed from both flowers at equal frequencies (Fig. 3 F and G; G test: P Ͼ 0.50). Thus, the six-component synthetic mixture was an effective mimic of the natural A. palmeri floral scent.
Taken together, the results of our behavioral testing of reduced mixtures of volatiles from the flowers of D. wrightii and A. palmeri provide a foundation for examination of neural mechanisms underlying representation of mixture stimuli of different behavioral effectiveness.
Neural Processing for Odor Discrimination and Generalization. To investigate the mechanisms by which the olfactory system encodes stimuli that are behaviorally effective, relative to those that are ineffective, we recorded responses of single neurons and populations in the AL with a 16-channel silicon multiprobe. Some individual neurons responded similarly to behaviorally effective and ineffective mixtures (e.g., unit 8 in Fig. S1 A), whereas others distinguished between these two types of stimuli (e.g., units 2 and 3 in Fig. S1 A) but also responded to single constituents that were behaviorally inactive (25) . A majority (Ϸ83%) of responsive neurons responded to behaviorally effective and ineffective mixtures, single odorants, or a combination of all three (Fig. S1B ). Only one unit responded specifically to behaviorally effective mixtures, but it did not respond at a 10-fold lower concentration that still evoked behavior (Fig. S1C) . Thus, it is unlikely that individual neurons are responsible for discriminating between behaviorally effective and ineffective odor mixtures.
We next examined how the neural population of the AL might encode a behaviorally effective stimulus and whether a time-or rate-based code best corresponds with the behavioral results. Previous work suggested that both of these coding strategies might operate to discriminate among odors in the moth AL (8, (30) (31) (32) and thus served as a starting point for this effort. Moreover, given the importance of three floral odorants from D. wrightii (Bea, Bol, and Lin) for behavior of M. sexta, we asked whether these components evoked neural responses that were more similar to those evoked by the behaviorally effective mixtures.
We examined the mean firing rate and pattern of synchronous firing, here defined as spikes occurring within 5 ms, of AL neurons (n ϭ 14 preparations) in response to the behaviorally effective (mixtures 1-4) and ineffective (mixtures 5-9) stimuli and the single odorants Bea, Bol, and Lin for 400 ms after stimulus onset. The mean firing rate of individual neurons and the pattern of ensemble synchrony were calculated, respectively, on the basis of the number of spikes produced and the percentage of synchronous spikes occurring in pairs of neurons in that time window (see SI Text for details). In a single ensemble, the response patterns based on firing rate and firing synchrony were significantly correlated between the behaviorally effective mixtures 1 and 4 ( Fig. 4A ; r Ն 0.87, P Ͻ 0.0001) but less so between mixture 4 and the single odorants or between mixture 4 and behaviorally ineffective mixture 6 (r ϭ 0.55 Ϯ 0.20 SEM).
To investigate further the relationship between the single odorants and mixtures, we examined the population responses in multivariate space [principal components analysis (PCA)] for both the firing-rate-based (11 dimensions) and synchrony-based (55 dimensions) responses (see SI Text for details). For a single preparation, this analysis revealed that the firing-rate and synchrony codes distinctly separated the behaviorally effective and ineffective mixtures and the behaviorally important odorants Bea, Bol, and Lin (Fig. 4 B 1 and C 1 ) . Moreover, whereas the single odorants Bea and Lin were clustered near the behaviorally ineffective mixtures (mixtures 6-9), the single odorant Bol, mixture 5 (containing Bea and Bol), and the arithmetic summation of the single odorant-evoked responses (Bea ϩ Bol ϩ Lin) occupied different regions of the olfactory space and were well separated from the behaviorally effective mixtures (Fig. 4 A, B 1 , and C 1 ) . Similarly, arithmetic summation of the behaviorally ineffective constituent-evoked responses [methyl salicylate (Mal) ϩ caryophyllene (Car) ϩ farnesene (Far)] produced a pattern in the ensemble different from that evoked by mixture 6 (Fig. 4A) . These results suggest that the tight clustering of behaviorally effective mixtures was caused by the similar population responses they produced in an intact network and that simple arithmetic summation of the single odorant-evoked responses did not mimic the network pattern for mixtures. Examining the normalized Euclidean distances (dissimilarity indices) between the D. wrightii odor stimulus and all other mixture stimuli for all preparations (n ϭ 14 moths; 189 units) revealed a similar trend for the mean firing rate and pattern of ensemble synchrony codes, where the behaviorally effective mixtures were significantly dissimilar to the single odorants and behaviorally ineffective mixtures ( Fig. 4B 2 and C 2 ; Kruskal-Wallis test: 4,131 Ն 16.11, P Ͻ 0.01). Finally, we assessed the behavioral potency of the mixtures in comparison with the three key odorants (Bea, Bol, and Lin) by means of two-choice assays in the wind tunnel. The results revealed that moths significantly preferred the mixture over than the single odorants (Fig. 4 D 1 and D 2 ; Kruskal-Wallis test: 1,24 ϭ 10.24, P ϭ 0.01) and could not discriminate mixture 4 from the D. wrightii floral scent (mean attraction index ϭ Ϫ0.004, Ϯ 0.18) (see Materials and Methods for calculation of the attraction index). Thus, although these three odorants were effective when mixed, individually the Odorant numbers correspond to retention times, except for those odorants that gave robust responses (odorants 28 -33), which were rearranged for clarity. A threshold of 12% (dotted line) of the entire dataset was used to identify the odorants that evoked the greatest activity: Bbu, Myr, Etg, Esb, Bea, and Pvl (odorants 28 -33, respectively). ensemble responses they evoked did not resemble those evoked by the mixture, suggesting that mixtures were perceived qualitatively differently from single odorants. This finding was supported by the behavioral results.
A confounding factor in these results is that each mixture in our odor panel was tested at a different total intensity, because mixture constituents were maintained at the same concentrations and proportions as those in the floral headspace, so that the neural representations might reflect differences in concentration rather than behavioral effectiveness. We therefore examined the effects on discrimination of behaviorally effective and ineffective odor mixtures when the intensities of all stimuli were equalized. Preparations (n ϭ 4) were stimulated with mixtures 2-9 at the same intensity as mixture 1 (7.0 ϫ 10 Ϫ4 mm Hg). The response patterns derived from the mean firing rate and the dissimilarity indices from these preparations showed that regardless of intensity, behaviorally effective mixtures were represented similarly in the AL (Fig. S2 A 1 and A 2 ; Kruskal-Wallis test with multiple comparisons: P Ͼ 0.05) and differently from the behaviorally ineffective mixtures (KruskalWallis test with multiple comparisons: P Ͻ 0.05). Moreover, the synchrony patterns evoked by behaviorally effective stimuli were similar (Fig. S2B 1 ) , and the patterns in response to behaviorally effective and ineffective stimuli were dissimilar to one another (Ϸ15%) (Fig. S2B 2 ; Kruskal-Wallis test: P ϭ 0.08). Thus, the representation of behaviorally effective mixtures in the moth's AL was independent of stimulus intensity.
Ensemble Representation at Short (<1 s) Time Scales. Our previous results suggested that both rate-and synchrony-based neural codes may distinguish behaviorally effective from ineffective odor stimuli, but given the relatively long time window in which these codes were examined (400 ms) and the fact that flying moths must resolve the dynamics of an olfactory stimulus under much greater temporal constraint (Ϸ200 ms) (33) (34) (35) (36) , it remains uncertain how quickly AL ensembles can discriminate among odor stimuli.
To estimate the minimum time needed by the neural population of the AL to resolve stimulus quality, we first tested when the behaviorally effective and ineffective mixtures were maximally distinguished in the ensemble responses. This was accomplished through a population-vector paradigm to represent ensemble activity as in previous studies of insect and mammalian olfactory systems (37) (38) (39) (40) (41) . The ensemble responses were organized into two vectors, one for the mean firing rate of evoked responses of the ensemble and the other for the pattern of ensemble synchrony. The population vectors for each odor stimulus were determined in consecutive 100-ms time intervals, thereby creating a vector time series that allowed examination of the evolution of ensemble activity over a total period of 1,500 ms (1-4, 8, 22, 23) . The ensemble response to each odor stimulus could be compared with another by considering their normalized Euclidean distances (dissimilarity indices) relative to the D. wrightii floral scent (6, 37) , thereby allowing a comparison in ensemble activity before, during, and after olfactory stimulation. Results of this analysis for the mean-firing-rate responses of a single ensemble demonstrated that the maximum discrimination of behaviorally effective and ineffective mixtures occurred Ϸ600 ms after stimulus onset, which in these experiments was approximately when responses to odor stimuli peaked (Fig. 5A) . Similar results were found for the pattern of ensemble synchrony (Fig. S3) .
Next, at that 600-ms time point, we examined how different time scales could affect the efficiency of discrimination. Population vectors were constructed in such a way that the ensemble's mean firing rate or the pattern of ensemble synchrony was integrated over increasing time periods, ranging from 10 to 1,000 ms. These population vectors were then used to classify odor stimuli. The results demonstrated that the time period was important for successful classification of the neural representation of behaviorally effective and ineffective odor stimuli (Fig. 5B) . The rate of successful classification reached its maximum (Ϸ70%) at 100 ms, and time periods Ͼ200 ms did not improve the classification of odor stimuli (Fig. 5B) . Below 20 ms, the ability of the neural responses to classify the different stimuli as behaviorally effective or ineffec- Relationship between unit responses (all preparations, n ϭ 6) to synthetic vs. headspace odorants. Only units that elicited a significant response (excitatory, RI Ն2.0; inhibitory, RI Յ2.0) to one of the six odorants are shown. Also plotted are the responses of those units to the other odorants. There was a significant correlation between unit responses to synthetic and headspace odorants (solid line; mixed effects regression: P Ͻ 0.001). (E and F) Behavioral two-choice windtunnel tests examining upwind flight and feeding behaviors of moths to paper flowers (E) emitting the synthetic mixture of odorants determined through GC-MR and the natural floral scent composed of Ϸ60 odorants. The percentages of moths feeding from paper-flower treatments in two-choice tests are presented in F. Moths significantly chose paper flowers emitting the synthetic mixture and natural floral scent over the unscented control flowers (G test: P Ͻ 0.02), but when in the presence of both, moths did not distinguish between them (the A. palmeri mixture mimic and the natural bouquet) (G test: P ϭ 0.99). (G) The attraction index between flower treatments in the two-choice tests. Box plots are the 25th and 75th percentile, error bars are the 5th and 95th percentile, and the horizontal line is the mean. Letters denote a significant difference between odor stimuli (twotailed t-test: P Ͻ 0.05). n ϭ 40 moths for each two-choice wind-tunnel experiment.
tive was low (Ϸ20%) (Fig. 5B ). This pattern of successful classification was reflected similarly in the Fourier transformation of the 10-ms time series through stimulus onset, where the most successful classification occurred at Ϸ2.5 Hz, which corresponded to the 400-ms cycle time (Fig. 5 A and C) . Ensemble representation of odor information thus occurred quickly and accurately in the moth's AL.
Behavioral Correlates of Different Neural Codes. The ability of the moth's olfactory system to respond quickly to odor mixtures (Ϸ200 ms) (33) (34) (35) and classify them by using both rate-and time-related neural codes (refs. 25, 32, and 36 and results of this study) presented an opportunity to inquire how transient odor responses are processed by the AL and may correlate with behavior. The mean firing rate and the pattern of ensemble synchrony are only two time-and rate-based codes, therefore we examined additional neural codes in these dimensions (mean instantaneous firing rate and net ensemble synchrony), which also might contain information for odor discrimination (41). Again we used population vectors to represent ensemble activity before, during, and after odor stimulation (37) (38) (39) (40) (41) . In these studies, however, we specifically examined how the different neural rate and synchrony codes might correlate with behavior. As a function of these analyses, the n-unit or n-unit-pair activity within each ensemble was organized into four distinct ndimensional vectors, with each of the four vectors representing a different neural code. The first two vectors were rate codes (mean firing rate and mean instantaneous firing rate), and the second pair were synchrony codes (the pattern of ensemble synchrony and total net synchrony). In addition, the behavioral response vector, defined by a set of parameters such as upwind flight, odor-source location, and proboscis extension (Figs. 2 and 3 and Table S2 ; see SI Text for details), for each odor stimulus could be transformed into dissim- ilarity indices, thereby allowing direct correlation between various types of neural codes for a panel of odor stimuli and the behavioral responses to the same set of odor stimuli over time (Fig. 6A) . A higher correlation would indicate that a given neural code may better account for behavioral effectiveness.
Results of this analysis demonstrated that each neural code was correlated with behavior to a different degree, but all exhibited a dynamical increase in correlation upon odor stimulation. For example, for all preparations (n ϭ 14) the correlation between behavior and the two synchrony codes (pattern of ensemble synchrony and net synchrony) increased significantly upon odor stimulation (Fig. 6A, gray shading; 200-ms pulse) before decreasing again (one-way ANOVA for time: F 1,42 Ն 4.43, P Ͻ 0.05). The pattern of ensemble synchrony, however, was more highly correlated than net synchrony (43% and 21%, respectively) ( Fig. 6B and  Figs. S 4 A and B and S5) . Likewise, examination of the correlation between rate codes and behavior revealed a dynamical increase in correlation upon odor stimulation (one-way ANOVA for time: F 1,42 Յ 3.54, P Ͻ 0.07) and that the mean firing rate was more highly correlated with behavior than instantaneous firing rate (41% and 34%, respectively) ( Fig. 6C and Figs. S 4 C and D and S5 ). We used a stepwise regression model to provide information about the neural coding mechanisms that best predict behavior. Results of the stepwise regression revealed that much of the variance in the behavioral results (R ϭ 46 of 48%) could be explained first by the pattern of ensemble synchrony (Table S3 ; stepwise regression, step 1: R ϭ 0.39, P Ͻ 0.0001) and then by the mean firing rate (Table  S3 ; stepwise regression, step 2: R ϭ 0.46, P Ͻ 0.0001). By contrast, net synchrony and the mean instantaneous rate contributed less (ϳ2%) to the variance in the behavioral results (Table S3) . Thus, both the pattern of ensemble synchrony and mean firing rate accurately coded for the behavioral effectiveness of mixture stimuli.
Discussion
Investigations of neural correlates of odor-modulated behaviors in insects have been limited by inadequate knowledge about natural stimuli, which typically are mixtures of odorants. In addition, how the AL processes such mixtures has remained unclear. In the present studies, we used the moth M. sexta and the scents of two natural resources for nectar-feeding, flowers of D. wrightii and A. palmeri, to inquire how the floral bouquets are encoded in the moth's AL. Tandem GC-MR of neural responses to the components of A. palmeri floral scent demonstrated that unit activity in the AL was strongly affected by only six of the Ͼ60 volatile compounds in the A. palmeri floral headspace. In addition, the mixture of these six components elicited the same behavior as the floral scent, and moths did not distinguish between the natural scent and the six-component mixture.
A key question is whether a moth requires all of the odorants within the mixture or if certain odorants are more important than others and sufficient for behavior and the neural representation in the AL. We pursued this question through behavioral experiments with a nine-component mixture that mimics the scent of a D. wrightii flower. Moths required only three components of this mixture, namely Bol, Bea, and Lin, to elicit flight behavior that was indistinguishable from that in response to the nine-component mixture or the complete D. wrightii floral scent [which comprises Ͼ60 odorants at 15-fold higher concentration, as determined by GCflame ionization detection (FID)] (Table S4) . Furthermore, removal of these three key odorants from the mixture resulted in failure to elicit the behavior, whereas addition of the same three critical odorants to any combination of other floral-scent components restored effectiveness in eliciting the behavior. From the behavioral responses to the two floral scents, one mimicked by a six-component mixture (A. palmeri) and the other by a threecomponent mixture (D. wrightii), it appeared that the moth's olfactory system had evolved a strategy of processing minimal subsets of odorants to encode complex stimuli. A combinatorial coding scheme has been proposed as a means by which the AL could simultaneously encode the critical odorants within a complex bouquet (42) , but our study, and related research on the oriental fruit moth Cydia molesta (43) , point to an additional strategy through which moths use only a subset of odorants to represent a complete bouquet of hostplant volatiles. In a similar manner, sensory information about just two of the eight components of the sex pheromone of M. sexta, processed in a pair of glomeruli in the male moth's AL, is necessary and sufficient to elicit and sustain upwind flight toward the source of the mixture (16, 19, 35, 36) . Thus there may be a common strategy-in essence, chemosensory parsimony-for processing behaviorally effective odors that simplifies that task.
Selective Neural Representation of Complex Stimuli. A key requisite for investigating the relationship between multiple neural representations and behavior resides in a hierarchical behavioral output resulting from a panel of stimuli with differentiated behavioral potencies. That is, an efficient neural code should preserve the rank order of stimulus potencies derived from behavioral observation. Use of A. palmeri floral scent and a panel of behaviorally effective and ineffective mixtures of components from that complex odor allowed us to examine which neural coding mechanisms best correlate with behavioral effectiveness. Our findings demonstrated that both the pattern of ensemble firing synchrony and the mean firing rate of neurons in the AL could predict the behavioral effectiveness of the mixtures in our panel, suggesting that available information is embedded in both representations to allow a moth to make a behavioral decision. By contrast, the mean instantaneous firing rate and net synchrony of firing have less predictive value. Moreover, the correlation between neural representation and behavior is transient. That is, before and after the stimulus, AL ensemble synchrony and mean firing rate were not associated with behavior, but when the stimulus was presented, those neural-coding mechanisms quickly became correlated with behavior before decreasing again.
The relative contributions of neural codes based on rate and synchrony for vision have been debated (44, 45) , and it remains uncertain how meaningful these codes might be for olfaction. Evidence of transient odor-evoked synchrony of neuronal firing has been obtained in the ALs of moths and OBs of rats, particularly for output neurons from individual glomeruli (22, 32, 46) . Interglomerular synchrony of neuronal activity, by contrast, may serve to bind features of a complex stimulus, and synchronized activity of certain units in an ensemble has been correlated with behavior (30, 31) . Recent theoretical and experimental work in the visual cortex has suggested that when both neural codes operate in parallel, the stimulus is processed more quickly, minimizing behavioral reaction times (47) . The arrival of synchronized spikes through inputs to a downstream neuron provides more concentrated input per unit time and thus increases the probability that the postsynaptic neuron (PN) will fire (48, 49) . For brief (Ϸ100 ms) and variable stimuli that are changing in time and space, such as those occurring in a turbulent odor plume (27, 36, 50) , the nervous system must accurately encode the stimuli quickly (51) . Synchronized activity, in parallel with increased firing rate, may serve this need because the information provided by the synchronous spikes is maximal in the shortest time (47, 49) .
Mixture Processing and the Diminished Importance of Single Odorants. Behavioral and electrophysiological studies have demonstrated repeatedly that mixtures are discriminated from their single constituents (52) (53) (54) and that certain components of a mixture are more salient than others (54) (55) (56) . Indeed, our findings showed that the odorants Bea, Lin, and especially Bol are important, although individually they do not evoke the behavior of interest. Neuralensemble responses to these odorants, either individually or their mathematical sum, do not resemble the ensemble responses elicited by a mixture of the three compounds. This observation raises the question: what interactions might take place in the AL so that the mixture is uniquely represented by neuronal activity?
Glomeruli in the moth's AL are innervated by diverse local interneurons (LNs) that modulate PN responses (32, 57) . In the OB and AL, many LNs are responsible for interglomerular GABAergic inhibition that serves to enhance contrast in odor representation (58) , influence PN responses (59) , and mediate intraglomerular and interglomerular synchrony of neural activity (9, (30) (31) (32) 60) . Moreover, recent work has demonstrated that GABA B -mediated inhibition acting directly on primary-afferent inputs can shape responses of PNs differentially, thus serving as a gain-control mechanism (61), although how this presynaptic inhibition might affect mixture representations remains unclear. Nevertheless in the AL, inhibitory networks function to shape glomerular responses to mixtures in a manner not predictable from responses to the mixture constituents or from the afferent input (62, 63) .
Floral Odor Coding and Stimulus Generalization. Spatiotemporal patterns of activity in AL neural ensembles provide a means by which behaviorally effective and ineffective odor mixtures can be discriminated and related stimuli can be generalized. Many flowers that are pollinated by hawkmoths emit similar scents, dominated by aromatic compounds and oxygenated monoterpenes, and that can be encoded similarly and generalized by the moth's olfactory system and activate the same olfactory information channels underlying innate odor biases (14, 28) . By contrast, other odor mixtures that evoke a different AL network response may be perceived differently from the floral odors to which the moth is innately biased, thereby allowing those other odors to become associated with a reward and learned. M. sexta is biased toward flowers that share scent features, yet also feeds from flowers that do not exhibit those ''hawkmoth-pollinated'' traits. Future work may show whether coding generalization occurs in response to scents of other flowers visited by M. sexta and how information transferred by two different olfactory channels, one involving innate biases and the other through olfactory conditioning, may be represented differentially by the olfactory system.
Materials and Methods
Procedures for rearing and preparing moths, behavioral wind tunnel experiments, odor collection and analysis, formulating and delivering olfactory stimuli, and recording and analyzing electrophysiological data are detailed in SI Text.
Behavioral Experiments. The effectiveness with which complete floral scents and synthetic mixtures elicited oriented flight and foraging behavior of moths to an upwind odor source was tested in a laboratory wind tunnel (Plexiglas, length ϫ width ϫ height ϭ 4.0 ϫ 1.5 ϫ 1.5 m). For each stimulus, a paper flower bearing a 10-L aliquot of odor solution was positioned near the upwind end of the wind tunnel. Males were tested individually to each odor stimulus. Mixtures were tested in random order, and the wind tunnel was cleaned with 70% ethanol before and after testing. In each day of testing, two to four moths per stimulus were exposed to the positive (D. wrightii floral scent emitted from paper flower) or negative (odorless mineral oil) controls. Only moths that initiated flight were used in the analyses, and 20 -40 moths were used for each stimulus group.
Electrophysiological Recording. Laboratory-reared male M. sexta moths were prepared for electrophysiological recording as described (25) . Neural population responses to olfactory stimuli were recorded by using a 16-channel multiunit recording system with silicon-based multielectrode arrays (NeuralNexus Technologies) feeding into twin eight-channel amplifiers (Neuralynx; ref. 8) . Captured spikes were sorted by standard methods (8, 25, 30) (Fig. S6) , and spikes arising from the same neural unit were time-stamped and used to create raster plots and peri-stimulus time histograms (see Figs. 2 and 3) . The odor-evoked population (ensemble) activity of the captured units was analyzed further according to their firing rate and the spike synchrony (within a 5-ms window after shuffle subtraction) between pairs of units in the ensemble (8, 25) . For full details on the experimental preparation, odor stimulation, data analysis (including rate and synchrony analyses), and histological identification of the locations of the recording probes, see SI Text.
